High spectral efficiency and flexible data rate access are the main focus of future wireless networks. Multiple channel allocation schemes have the potential of achieving this goal. By assigning multiple slots and/or multiple carriers to one user, it is possible to provide a flexible data rate with quite low complexity. In this article we propose a simple allocation scheme where each user is assigned a fixed group of carriers. These carriers are adaptively used depending on the interference situation within the system. The system performance in terms of average throughput is investigated for two different types of allocation schemes: a fully centralized scheme and a distributed one that uses frequency diversity as a mean of improving the user link quality. The obtained results show that both schemes improve the system throughput over single carrier allocation without affecting the capacity of the system in terms of number of users per cell.
INTRODUCTION
High spectral efficiency and flexible data rate access are the main focus for future wireless networks [1] , as well as the development trend of existing networks toward the third generation (3G). To accomplish this goal, packet switching has been introduced to time-division multiple access (TDMA)-based systems. For instance, the proposed General Packet Radio Service (GPRS) for Global System for Mobile Communications (GSM) [2] and GPRS-136 for the North American standard IS-136 [3] are forming the mainstream of evolution toward 3G [2] . Triggered by this reason, the research work aimed at maximizing spectral efficiency by means of channel allocation schemes, partially involved in the frequency plan approach.
Different from the conventional channel allocation concept in that only one channel is assigned to uplink or downlink between a mobile station (MS) and its connected base station (BS), nowadays research work has been extended to three or more dimensional channel allocation to support high-data-rate services; that is, more than one channel is assigned to an MS from its serving BS. These channels may be time slots and/or frequency bands. With multifrequency allocation, there is possible frequency diversity gain when the signal is transmitted over multipath radio channels. Conventional channel allocation can be catalogued into fixed channel allocation (FCA), dynamic channel allocation (DCA), hybrid channel allocation (HCA) of FCA and DCA, and random channel allocation (RCA) [4] . These channel allocation schemes try to maximize the total capacity of wireless systems assuming a constant data rate per user. When variable data rates are needed, as for multimedia communications, a new dimension should be added to the allocation domain. A channel allocation scheme should not only maximize the capacity in terms of number of users per cell, but its throughput as well. Obviously the design of the system becomes more complicated as more variables exist. A variable-rate system can be achieved through the allocation of multiple slots, multiple carriers, and/or link adaptation by using variable modulation and coding. Previous studies showed that multiple channel allocation combined with link adaptation can improve system throughput over single channel allocation without affecting system coverage [5] . In this article we consider a multicarrier allocation (MCA) scheme where a group of carriers are assigned to an MS from its connected BS. To improve system capacity and promote fairness within the system, this MCA scheme is used in combination with frequency diversity. Thus, a minimum required throughput can be guaranteed within the system even to users in bad fading positions.
The system model is introduced in the following section followed by a description of the MCA scheme. The simulation model used in this study together with simulation results are given next. Finally, conclusions are presented.
Zhu Lei and Slimane Ben Slimane, Royal Institute of Technology, Sweden
TECHNOLOGIES ON BROADBAND WIRELESS MOBILE -3GWIRELESS AND BEYOND
THE SYSTEM MODEL
We consider a wireless network with a total of C orthogonal frequencies 1
Each frequency provides a constant information data rate of R b/s. These frequencies could be the subcarriers of an orthogonal frequency-division multiplexing (OFDM) scheme or simply the carriers in an FDM scheme. These frequencies are used by the network to provide coverage over an area with N BSs.
In first-and second-generation cellular systems, the required user data rate is fixed and the quality of service has to ensure a good connection during the duration of the call. The design in this case is based on minimizing the outage probability and at the same time trying to increase the capacity of the system in terms of users/cell. The outcome of this optimization results into a system reuse distance (cluster size), denoted K, which defines the minimum distance between two BSs in which the same frequency can be reused. For instance, the analog cellular system AMPS has a reuse distance of 7, and the digital cellular system has reuse distance 3 and 4.
The system capacity in this case can be obtained as C/K number of users/cell. It is obtained with some average outage probability, P out . The outage probability represents the fraction of time where the radio channel is not usable, which is defined as P out = Pr(Γ i,j < γ 0 ). The parameter γ 0 represents the required threshold for good reception quality (related to the type of modulation and coding scheme used in the system), and Γ i,j represents the total signal-to-noiseplus-interference ratio (SNIR) at the intended receiver (MS or BS). The outage probability is dependent on the propagation conditions and system load. The effective data rate (throughput) per user can then be computed as follows:
For circuit-switched, the outage probability should be kept small to ensure good connection (2 percent outage can be considered a good value for P out ). Even though it provides low outage probability, such a design procedure is not attractive for multimedia systems where the traffic is bursty and the user data rate changeable. In such a situation it would take a long time to transfer files from one point to another, and further require a large buffer at the transmitter. Therefore, some modifications are needed to increase the throughput.
MULTICARRIER ALLOCATION
Let us consider a system design based on the design procedure described above. Such a system is then characterized by its reuse distance K and average outage probability, P out .
One way to adapt this system to these new requirements is by transforming it into a system with universal reuse (K′ = 1) and assign a fixed group of K frequencies to any given user admitted into the system with K = K. Figure 1 illustrates this simple transformation for the case of K = 3. Thus, depending on the interference situation, every active user can use up to K carriers simultaneously. The average throughput of a user is then obtained as the sum of the effective data rate in K frequencies. Notice that the number of users per cell is not affected by this modification. In other words, by using this structure the system will keep the same number users, but each user can improve its peak throughput up to KR b/s.
With such a scheme, all users close to their BSs will be able to use all the frequencies assigned to them, and users far away from their cells may be able to use only part of the K frequencies. A good degree of fairness can also be provided within the system by means of frequency diversity. Users who are unable to extract the full rate from each of their carriers can use transmitter (frequency) diversity and achieve their connections with a lower data rate.
This MCA scheme can be implemented centrally or distributively. These two schemes are described in the following subsections.
FULLY CENTRALIZED SCHEME
In this scheme, the decision about what frequencies within each group should be used is taken in a centralized node, where measurements from all cells are available. Figure 2 gives the control flow of this scheme. A group of frequencies is first assigned to a user followed by computation of the SNIR experienced by each frequency within the system. The central node start by shutting off frequencies having the lowest SNIR one by one until the point where all the remaining links have good connections.
Consider a certain mobile user, n, having the group of frequencies (f n,1 , f n,2 , …, f n,K ), and let us define the indicator of frequency i by 
Since each frequency has a fixed data rate of R b/s, the effective information data rate of such user is then obtained as Assuming a total of M users within the system, the average throughput can be written as follows: (3) where E{·} represents the time average.
We can also define the spectral efficiency as follows: (4) Since all frequency groups are used in each cell, better system throughput is expected for the same capacity of C/K users/cell. However, this scheme requires a lot of signaling where all link information needs to be reported to one node. Its computational complexity also increases with the number of users within the system. One way to reduce this complexity is to use a distributed scheme where the selection of the appropriate frequencies for all mobile stations is done locally.
A DISTRIBUTED MULTICARRIER ALLOCATION SCHEME
In this distributed scheme, each BS acts independent of all other BSs. Considering the downlink case (from the BS to the MS), each ms measures the link gain and total interference plus noise power appearing during demodulation of each frequency within its group. With this information the MS computes the SNIR of each frequency. For instance, user n connected to BS i forms a vector of SNIRs of length K as follows:
Each element of the above vector is then compared against the threshold γ 0 :
• All frequencies within the group having an SNIR higher than the required threshold are selected first.
• The remaining frequencies are checked for possible use as frequency diversity branches. When one frequency does not satisfy the condition [2] , it is not shut off directly but is first checked for whether it can be combined with other frequencies. For example, if two frequencies are used to carry the same information, and assuming independent flat fading on each frequency, the combined signal will provide a diversity gain of order two. With this diversity gain, the average bit error probability of the link is improved and the required threshold for good reception quality is lowered from γ 0 . Combining more than two frequencies will require even lower thresholds. Denoting by γ k the required threshold when k frequencies are used as branches for the same information signal with maximum ratio combining (MRC), the following test is carried out: Based on this diversity combining, the distributed MCA scheme can take advantage of both the multipath fading channel and the interference situation within the system. The control flow of this scheme with diversity combining is shown in Fig. 3 . Here, the transmission decisions and the way the BS should distribute the information intended for the MS over the different frequencies are made by the MS.
Note that diversity combining can also be used in the centralized scheme described in the previous subsection. We have found however that such combination increases the complexity of the centralized scheme considerably making it too difficult to use.
The average throughput and the spectral efficiency of the distributed scheme is computed using the same procedure as for the centralized scheme where constant transmitted power is assumed.
SIMULATION RESULTS

THE NETWORK LAYOUT
We consider a finite network covered by N omni regular hexagon cells with carrier set F. The traffic is uniformly distributed with heavy load.
The link gain for a given connection within the system is modeled as (5) where G i,j is the total link gain, A i,j is a lognormal random variable with standard deviation σ s dB modeling the shadow fading component between the points i and j, r j is the distance between the two points i and j. Parameter α is the propagation constant of the path loss. In some propagation environments, the obstacles may cause correlation between the different links within the system. The correlation coefficient between two links is denoted ρ ss′ .
To analyze the performance of this system, we take snapshots at different time instants. To simplify the problem, the mobile movement is neglected in this case.
As a performance measure we look at the average throughput of the system as defined in [4] .
RESULTS
To carry out the system simulation we used a simulation package called RUNE offered by Ericsson Radio AB. The parameters used in the simulation environment are listed in Table 1 . We first looked at a conventional FCA scheme with different reuse patterns. For that, we evaluated average throughput and spectral efficiency. Figure 4 shows the average throughput of the system with full load as a function of reuse distance K. We notice that higher reuse distance gives better throughput, which is consistent with [1] . By increasing the reuse distance the outage probability is reduced, and as a result the throughput is improved. However, increasing the reuse distance has a negative effect on system capacity. This is illustrated in Fig. 5 , where the normalized spectral efficiency gets poorer when increasing K. Tighter reuse patterns give better normalized spectral efficiency, but are limited by co-channel interference level as the time availability of a channel being used gets lower. In addition, higher shadow fading variance causes performance degradation. This can be explained by the trend of reuse pattern 7 for analog systems, 3 or 4 for digital systems. Figure 6 illustrates the average throughput of the centralized and distributed MCA schemes as a function of the number of frequencies per group. We notice that the average throughput per user increases with the number of frequencies per group, K. It is also observed that the distributed scheme performs better than the centralized one, which is a good surprise. The reason for this is that the distributed scheme takes advantage of the diversity gain obtained through the combination of multiple frequencies instead of switching them off. Of course, adding this feature to the centralized scheme will provide good gains in its throughput as well. However, as mentioned earlier, such a feature will increase the complexity of the centralized scheme considerably. Figure 7 illustrates the normalized spectral efficiency for the two schemes as a function of the number of frequencies per group, K. It is observed that the distributed scheme has worse normalized spectral efficiency for K = 1 but outperforms the centralized scheme for higher values of K. This is natural because transmitter (frequency) diversity can be applied when K > 1. We also notice that the normalized spectral efficiency of the centralized scheme is almost independent of K. Thus, for a cellular system with the parameters given in Table 1 , we can say that the average throughput per user is a linear function of K with λ cs ≈ 0.4K.
The same tendency can also be observed for the distributed scheme but with a much better throughput λ ds ≈ 0.7 K, ≥ 2. Compared to the results of Fig. 4 , one can easily see that both schemes outperform the conventional scheme of single carrier allocation. In fact, the distributed scheme provides a gain of about 70 percent in spectral efficiency. With its simplicity, this distributed scheme seems attractive and suitable for future multimedia applications. One might think of using power control with this distributed scheme. With a proper adjustment of the transmitted power in the different links, better interference management can be achieved, and as a result better throughput could be obtained. This point is left for further investigation.
CONCLUSION
This article presented a multicarrier allocation scheme that can provide radio links with different rates suitable for multimedia communications. This scheme is simple to implement since it does not require changing the modulation type or coding scheme to vary the information rate of a given connection.
Two different schemes have been presented: a centralized scheme where all decisions are made at one node on the network level, and a distributed one where each mobile makes the decision and informs the BS of how the information should be transmitted over the different frequencies of its group.
The obtained results show that the multicarrier allocation scheme achieves considerable gain in user throughput over single carrier allocation schemes without affecting the total capacity of the system in terms of number of users per cell. A gain of about 70 percent in spectral efficiency was obtained. The distributed scheme provided better performance in average throughput than the centralized one. This is due to the fact that the distributed scheme uses frequency diversity to improve the link quality of more interfered frequencies. This article is based on our previously published material from 3Gwireless 2000 (ISSN No. 1529-2592) by DELSON GROUP.
